The high-temperature phase transition of single crystals of l-asparagine monohydrate was investigated by X-ray diffraction in association with Rietveld refinement and dilatometer measurements as a function of annealing time. The X-ray results showed that, for samples annealed at 343 K (or even 333 K) for 5 h, the expected anhydrous l-asparagine phase has been formed, monoclinic system (space group P2 1 ), with lattice parameters a = 5.0677 (2), b = 6.7657 (2), c = 8.0742 (3) Å and = 91.276 (4) . The results obtained from measurements as a function of annealing time confirmed that the phase transition associated with loss of the water molecule is time dependent. research papers J. Appl. Cryst. (2011). 44, 954-957 A. S. de Menezes et al. L-Asparagine monohydrate crystal phase transition 957 Figure 7
Introduction
l-Asparagine (hereinafter referred to as l-A) is an amino acid involved in the metabolic control of cell functions in nerve and brain tissue. Amino acids are basic components of proteins but l-A is not an essential amino acid, since it can be produced by the human organism. It helps to establish the balance of the central nervous system. It can also be easily converted into aspartic acid, which is one of the probable factors related to the molecular basis of human aging. Furthermore, it easily forms hydrogen bonds, since the amide group in the l-A molecule can accept or even donate two H atoms, and it is a common site to promote the formation of carbohydrate bonds in glycoproteins.
l-Asparagine monohydrate (C 4 H 8 N 2 O 3 ÁH 2 O) (hereinafter denoted l-AÁH 2 O) crystallizes in the orthorhombic system, space group P2 1 2 1 2 1 , with four molecules per unit cell and lattice parameters a = 5.593 (5), b = 9.827 (10) and c = 11.808 (11) Å (Verbist et al., 1972) . Several authors have shown that this single-crystal material undergoes a structural phase transition under both high pressure (Moreno et al., 1997 (Moreno et al., , 1998 and low temperature (Moreno et al., 2004) . Furthermore, high-temperature Raman studies (Bento et al., 2007) of this single-crystal material have detected a phase transition close to 363 K due to loss of the water molecule. However, the structure of the phase obtained at high temperature has not been discussed. Recently (Shakir et al., 2010) , annealing at 353 K for 6 h was shown to enhance the single-crystal quality of l-AÁH 2 O compared with the as-grown sample and, as a consequence, several optical and dielectric properties were enhanced.
Good quality l-AÁH 2 O single crystals were grown by the slow-evaporation technique and crushed samples were measured as a function of annealing temperature in the range 303-373 K in order to follow the high-temperature phase transition. X-ray Rietveld refinement was applied to confirm the crystal structure on both sides of the phase transition. Dilatometer measurements were also taken as a function of annealing temperature to characterize the phase transition. The main interest of this work is thus to investigate in detail the formation of the amino acid high-temperature phase and whether it is dependent on annealing time.
Experimental
Single crystals of l-AÁH 2 O were grown by the slow-evaporation method using good crystalline seeds at a fixed temperature (296 K). l-AÁH 2 O powder (Sigma) was dissolved in distilled water to obtain a saturated solution and to provide the necessary seeds used to grow the l-AÁH 2 O single crystals.
In order to investigate the l-AÁH 2 O high-temperature phase transition, in situ X-ray measurements were performed at 303, 333, 353, 363 and 373 K in a powder diffractometer (Cu K radiation) operating at 40 kV/30 mA with an Anton-Paar TTK450 temperature chamber attached. The X-ray patterns were obtained with a 0.02 (2) step size and 3 s per step in the range 10-41 (2).
For complete characterization of the l-AÁH 2 O hightemperature phase, one sample was annealed for 5 h at 333 K and another for 5 h at 343 K. The structural characterization of these samples was obtained by Rietveld refinement using the GSAS program (Larson & Von Dreele, 2004) .
The linear thermal expansion coefficient L of the l-AÁH 2 O single crystals was measured with respect to a quartz reference using a quartz Netzsch DIL402C inductive dilatometer. The relative length change (ÁL/L o ) was measured as a function of temperature using parallel faces of the single crystal along the [100], [010] and [001] directions. The temperature range was chosen as 313 < T < 373 K and the heating rate was set to 278 K min À1 . Fig. 1 shows the room-temperature Rietveld refinement of l-AÁH 2 O with R wp = 0.0466 and S = 2.4 for the goodness of fit. The lattice parameters obtained from the Rietveld refinement were a = 5.5759 (2), b = 9.8078 (4) and c = 11.7848 (5) Å , in good agreement with the values published in the literature.
Results and discussion
X-ray powder diffraction measurements were carried out at several temperatures and the patterns are shown in Fig. 2 . The patterns measured at 303 and 333 K exhibit only the l-AÁH 2 O phase, which presents the orthorhombic structure [PDF (ICDD, 2007 (ICDD, ) 30-1529 . At 353 K, changes in the measured diffraction pattern can be observed, with the occurrence of extra peaks (2 = 20.88, 21.9, 26.16, 31 .06 and 31.56 ) indicating the beginning of the phase transition. At 363 K and above, the phase transition has already taken place and the pattern was identified as the monoclinic system (P2 1 ; PDF 37-1659), which corresponds to the anhydrous l-A (C 4 H 8 N 2 O 3 ) phase.
The high-temperature phase is therefore associated with the anhydrous phase, since the phase transition is linked to loss of the water molecule. In order to confirm whether the phasetransition temperature can change as a function of time, a sample of l-AÁH 2 O was annealed at 343 K for 5 h. The pattern obtained at room temperature and the corresponding Rietveld analysis are shown in Fig. 3 . Crystallographic data for the anhydrous l-A crystal (Yamada et al., 2007) were used in the refinement. This result confirms that the complete structural transition of l-AÁH 2 O (orthorhombic) to l-A (monoclinic) has already occurred at 343 K. The experiment was then performed with a sample annealed at 333 K for 5 h and, surprisingly, the same anhydrous phase was also obtained. This confirms that the transition really is dependent on annealing time and the process is irreversible. The lattice parameters obtained from the Rietveld refinement for the sample annealed at 333 K were a = 5.0677 (2), b = 6.7657 (2), c = 8.0742 (3) Å and = 91.276 (4) , which are very close (< 1%) to the literature values (Yamada et al., 2007) .
The l-AÁH 2 O sample is a transparent colourless crystal, but after the phase transition it becomes white. This presumably Room-temperature Rietveld-fitted X-ray diffraction pattern for l-AÁH 2 O (orthorhombic system).
Figure 2
X-ray diffraction patterns for l-A in the 303-373 K temperature range.
Figure 3
X-ray diffraction pattern and the corresponding Rietveld refinement for the annealed sample of l-asparagine (monoclinic). occurs because the loss of the water molecules promotes the formation of defects within the crystal lattice. Fig. 4 shows the temperature dependence of the relative changes in length (ÁL/L o ) and linear expansion coefficient (), with anomalies in the temperature range studied. Thus, it can be observed that there is a phase transition within this temperature range. Analysis of the results indicates that the thermal expansion of l-AÁH 2 O is markedly anisotropic and this behaviour can be related to the large differences in the bond distances and angles of the hydrogen-bond network. The change in length along [100] rises from 3.32 Â 10 À4 to 20.6 Â 10 À4 K À1 , while along [010] it rises from 4.56 Â 10 À4 to 29.9 Â 10 À4 K À1 . On the other hand, along [001] the change presents negative values. The thermal expansion in l-AÁH 2 O is mainly governed by the anharmonicity of the seven hydrogen bonds and not by the small temperature dependence of the intramolecular bonding distances (Verbist et al., 1972) . The effect of the temperature rise is related to hydrogen-bond strengths, and our results suggest that stronger hydrogen bonds are related to positive thermal expansion whereas weak ones are related to negative expansion.
Apart from investigating the thermal deformation itself, it is also convenient to consider its temperature derivative, since the thermal expansion coefficient (TCE) is more sensitive to phase transitions. Fig. 5 illustrates the temperature dependence of the bulk thermal expansion of a single crystal of l-AÁH 2 O. As expected, the thermal expansion increases until the phase-transition temperature is approached. At the phasetransition temperature (near 358 K), the TCE suffers a sudden decrease, since crystal dehydration causes a reduction in the unit-cell volume, a result that is in agreement with the X-ray diffraction patterns shown in Fig. 2 .
The bulk expansion coefficient of l-AÁH 2 O increases rapidly in the range 313-333 K. Above 333 K, it deviates from its initial behaviour. The volume change of the sample between 333 and 358 K is the sum of the positive contribution from thermal expansion plus the negative contribution of dehydration. In the case of dehydration, it is expected that lattice spaces previously occupied by water molecules are empty and the l-AÁH 2 O and anhydrous l-A molecules rearrange themselves into a new lattice conformation. In order to confirm this hypothesis, the relative change in length (ÁL/L o ) in the [001] direction was measured as a function of time while the sample was kept at a constant temperature (333 K). Fig. 6 clearly shows the sample contraction due to the removal of structural water.
Besides the above-mentioned experiments at different annealing temperatures, X-ray diffraction patterns for l-AÁH 2 O were measured as a function of annealing time (0, 1, 2, 3, 4 and 5 h) at a fixed temperature of 343 K. Fig. 7 clearly shows that, after annealing for just 4 h, the phase transition has been completed and the change to the anhydrous l-A phase has taken place as expected, since the solvent water has been removed by annealing. In the single crystal used in the present work no macroscopic defects or structural grain boundaries were observed, so the result obtained here does 
Conclusions
In this paper, a detailed investigation has been carried out of the high-temperature phase transition of l-AÁH 2 O crystals using X-ray powder diffraction with Rietveld refinement and measurement of the thermal expansion of the unit-cell volume. The results are in good agreement with previous Raman studies, which confirm the occurrence of the phase transition close to 363 K associated with loss of the water molecule. Furthermore, it has been clearly shown that the crystals undergo a structural phase transition from the orthorhombic to the monoclinic system and both have been fully characterized.
However, the most important result of the present paper is that the temperature at which the phase transition associated with loss of the water molecule occurs can decrease as a function of annealing time. In other words, the hightemperature phase transition of l-AÁH 2 O is dependent on annealing time, a result that has been confirmed by X-ray diffraction and dilatometer measurements.
